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ABSTRACT
BACKGROUND: The role of load in strength training is being debated in the literature, with studies
reporting similar changes in skeletal muscle size following fatiguing low-load and high-load training.
Electromyographic (EMG) signal recording can be utilized to compare muscle activity between fatiguing
low-load and high-load training, but little is known about the behavior of the biceps brachii muscle during
shortening (concentric) and lengthening (eccentric) muscle actions. We sought to compare changes in
EMG amplitude throughout fatiguing low-load versus high-load resistance training during both concentric
and eccentric muscle actions. METHODS: Nine men and eight women, all resistance trained,
participated in this study. Following a familiarization visit, participants performed three sets of barbell
biceps curls to exhaustion using 30% and 80% of their predetermined one repetition maximum (1RM) on
two separate days. During the sets, surface EMG signals were recorded from the biceps brachii.
RESULTS: EMG amplitude was found to be significantly greater at 80%1RM than 30%1RM at all
timepoints. There was no time x load interaction seen. Significant increase in EMG amplitude is noted
from beginning to middle repetition, but not from middle to end repetition, across all conditions.
CONCLUSION: While repeated contractions to fatigue at 30%1RM increase EMG activity, it does not
reach similar levels to 80%1RM at any time point.
Keywords: Muscle activation, isotonic contraction, dynamic, motor unit
Abbreviations: analysis of variance, ANOVA; electromyography, EMG; one repetition maximum, 1RM;
partial eta squared, η2p; high-load resistance training, HLRT; low-load resistance training, LLRT
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INTRODUCTION
Resistance training under varying loads has been studied extensively to this point in time with

3

high-load resistance training (HLRT) often being suggested as the optimal strategy for eliciting muscular

4

adaptations in strength, as opposed to low-load resistance training (LLRT).1-5 When speaking of load in

5

resistance training, high load and low load are typically differentiated by defining load as a percentage of

6

an individual’s one repetition maximum load (1RM). The 1RM can vary from day to day, and even at

7

different times of day due to various reasons, including eating times, sleeping habits, and hydration

8

status.6,7 High loads have been defined as greater than or equal to 65% of one’s 1RM and low loads as

9

less than or equal to 60% of one’s 1RM, though these are soft definitions and may be altered among

10

investigators.8 Dependent on the purpose of the individual prescribing exercise, either high or low loads

11

may be chosen, and despite potentially greater risk of injury and harm to one’s joints, the prevailing

12

thought has been that resistance training with heavy weights is optimal for increasing muscle strength

13

and, to some extent, size, though more recent studies have reported similar gains in muscle size and

14

strength when training with varying loads to fatigue.1-5, 9-11 Individuals with musculoskeletal impairments

15

limiting the parameters of safe stress may only be able to perform resistance training with low loads, and

16

novices to resistance training may benefit from increased mastery of form and technique training to

17

improve safety and independence by training at lower loads.

18

Many recommendations for resistance training are based on principles of motor unit recruitment.

19

When referring to motor unit recruitment, the size principle states that the most excitable motor units

20

(type I) are recruited first, while less excitable and more powerful motor units (type II) are recruited under

21

greater demands.12,13 Greater demands may present as either prolonged force production or high force

22

production, both recruiting high threshold motor units.14 It is typically reported that both high and low

23

threshold motor units are recruited simultaneously under high loads in order to produce the greatest

24

force.15 Under low loads, motor units tend to be recruited sequentially to maintain prolonged force output,

25

with low threshold units activating first, followed by progressively higher threshold motor units.15 It is

26

theorized that consequently HLRT may produce greater electromyographic (EMG) amplitude due to

1

27

concurrent activation of many motor units, when compared to LLRT due to sequential activation of a

28

similar number of motor units.16 While these motor units may not be producing similar gross EMG

29

amplitude, it has been noted that muscular fatigue increases the recruitment of motor units to compensate

30

for this decrease in amplitude.17-19

31

The purpose of the present study was to compare motor unit activation properties during fatiguing

32

low-load versus high-load muscle actions in the upper extremity. Studies by Jenkins et al. Cook et al. and

33

Schoenfeld et al. reported higher EMG amplitude at study-specific high loads when compared to low

34

loads.8,11,20 A study by Komi et al. investigated EMG amplitudes at the elbow flexors and reported greater

35

EMG amplitude during concentric muscle action when compared to eccentric muscle actions.21 Based on

36

these findings, we hypothesized that EMG amplitude would increase across both high and low loads but

37

would be greatest in the high load, with greater activity during the concentric muscle actions compared to

38

the eccentric muscle actions.

39
40

METHODS
Study Design

41

This study utilized a repeated measures design to compare the neuromuscular activity of the

42

biceps brachii during fatiguing exercise with high vs low loads in healthy adults. The participants

43

completed three visits to the lab with the first being a familiarization visit and the second and third being

44

randomized between the high vs low load exercise day. Visits were greater than 48 hours apart but no

45

more than seven days apart, and visits two and three were within ± one hour of the initial visit. To reduce

46

confounding variables, such as carryover of fatigue or delayed onset muscle soreness, participants were

47

asked to abstain from upper-body exercise for 48 hours prior to each laboratory visit, alcohol for 24 hours

48

prior to each visit, and to maintain their caffeine, dietary, and sleep patterns throughout the duration of the

49

study. Visits two and three had identical protocols with the only difference being the load they were to

50

curl.

51

Participants
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52

Participants in this study included fifteen individuals, eight female (age range: 21-29, mean age:

53

24) and seven male (age range: 21-27, mean age: 24.4), all resistance trained and between the ages of

54

eighteen and 35. Eighteen individuals completed the screening and were able to complete two visits, but

55

were unable to finish the study; one participant due to Covid-19 quarantines, one due to personal

56

emergencies, and one due to inability to comply with protocol between visits. “Resistance trained” was

57

defined as self-reported participation in machine or barbell-based upper body resistance training at least

58

once per week over the previous six months. Pre-participation screening was performed for each

59

individual to confirm that they met the inclusion and exclusion criteria. Health related exclusion criteria

60

included: neuromuscular disease (e.g. Parkinson’s, MS, ALS), metabolic disease (e.g. diabetes, thyroid

61

disorder, metabolic syndrome), injury or surgery to the upper-body within the previous year, inability to

62

perform upper-body exercises while standing, tennis elbow (lateral epicondylitis), arthritis in the upper

63

limbs (hands, arms, shoulders), trouble using or controlling one’s muscles, use of anabolic steroids within

64

the previous year, history of heart attack, stroke, or cancer, use of muscle relaxants or benzodiazepines,

65

allergy to rubbing alcohol, any other health related illnesses that would prohibit a participant from

66

physical performance testing, and a lack of transportation to and from the laboratory. Additionally,

67

participants completed the Physical Activity Readiness Questionnaire +. Participants were asked to

68

provide detailed information on surgeries or hospitalizations in the past year, muscle or joint pain, current

69

medications, and any other health problems that were not explicitly covered in the screening

70

questionnaires. Participants were recruited via word of mouth and the University of Central Florida online

71

research database. Participants recruited were informed of the study purpose, ability to withdraw at any

72

time, potential risks and benefits, data management, confidentiality measures, participation requirements,

73

activity restrictions, and compensation, via informed consent documentation that was reviewed between

74

the investigator and the participants prior to enrollment. Compensation was given in the form of

75

Starbucks gift cards, with five dollars provided for participating in two out of three visits, and ten dollars

76

total given for completion of the study. This study was approved by the University of Central Florida

3

77

Institutional Review Board (IRB ID: STUDY00000730) and all individuals consented to participate in

78

the study.

79

Visit 1

80

Once participants had been screened and were appropriate for the study and their visits scheduled,

81

they arrived at the lab for visit one. There, they were educated further on the specifics of the study and

82

signed their informed consent documents. Participants then had their height and weight taken on a

83

physician’s scale, to the nearest 1.27 centimeters and .23 kilograms respectively, without shoes. To

84

collect EMG data from the elbow flexors electrodes (Trigno Galileo Sensor, Delsys, Natick, MA, USA)

85

were placed on the mid-belly of the biceps brachii. This was found by finding the point 2/3rds distally

86

from the participants acromion process to their antecubital fossa using a tape measure. Once this point

87

was located the area was prepared for EMG placement by shaving the area with a disposable razor,

88

removing residual dead skin and hair with adhesive tape, and cleaning with rubbing alcohol wipes. EMG

89

electrodes were placed on the biceps with the receiver and ground located on the forearm as seen in

90

Figure 2. The electrodes had adhesive stickers placed on them, but additional athletic tape was placed

91

over all EMG components to ensure they would remain in position throughout the duration of the visit.

92

Following electrode placement, EMG noise was quantified and minimized as appropriate via removal and

93

repetition of skin preparation and sensor re-cleaning. After this the participant was shown the four second

94

concentric and four second eccentric tempo that all future reps done in this study would need to follow.

95

The final component of the initial visit was to determine the participant’s barbell bicep curl 1RM. Testing

96

was performed in accordance with the National Strength and Conditioning Association’s guidelines for

97

1RM testing.22 The participant was given four starting sets for warmup and familiarization. The

98

participant was then given five attempts to determine their 1RM. Weight was increased after each

99

successful attempt, and decreased by five to ten kilograms after each failed attempt, with the highest

100

successful repetition being their determined 1RM. Two minutes of rest were given between each attempt.

101

This visit also served to familiarize the participant with the tempo of the reps. Because we were using

102

dynamic EMGs we needed to utilize a slower tempo for the curls. A previous study by Sleivert et al.
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103

found reliable EMG data when movement speeds were 1.05 rad/s which would equate to roughly 2.5

104

seconds to complete the full ROM in the elbow.23 A similar study done by Tanimoto et al. also utilized a

105

slow tempo with a three second concentric muscle action followed by a three second eccentric muscle

106

action to complete full ROM.24 Based on these studies we also elected to utilize a slower tempo with a

107

four second concentric muscle action followed by a four second eccentric muscle action with no pauses to

108

complete full ROM, denoted as 4-0-4. This tempo was maintained by using a metronome app on the

109

researcher’s Phone (Pro Metronome, EUMLab, Hangzhou, China). The participants concentrically

110

contracted the elbow flexors for four seconds followed by an eccentric muscle action for four seconds

111

returning to the starting position with no pause at the top of the movement as seen in Figure 3. This

112

familiarization to the tempo was important as all reps to follow on both visits two and three would use

113

this technique.

114

Visits 2 & 3

115

Upon arrival to the lab for visits two and three participants were asked if they had abstained from

116

upper-body exercise for 48 hours prior to each laboratory visit, alcohol for 24 hours prior to each visit,

117

and if they had maintained their caffeine, dietary, and sleep patterns. Participants who did not maintain

118

these parameters were either rescheduled or removed from the study. Participants who followed protocol

119

were given two warm up sets followed by five attempts to determine their 1RM as described above during

120

their first visit. Once their 1RM was found the participant took a 20-minute break to allow for recovery

121

and reduce fatigue prior to working sets.25 Following the rest period, the participant completed three sets

122

of 80% or 30% of their 1RM with a two-minute break in between sets. The assignment of which load was

123

done on visits two and three was randomized prior to start of study. The weight used for their 80% or

124

30% was calculated and set to the nearest one Lb. during the 20-minute rest period. Participants

125

completed repetitions of their specific weight to the point of failure or until form was not maintained for

126

all three of the sets. If the participant was unable to correct form for two reps after being given a verbal

127

warning from the researchers, then they were instructed to stop, and their final repetition was determined

128

to be the last repetition completed with proper form. After completion of the third set, the participants'
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129

electrodes were removed and were free to leave. Participants that reported significant fatigue at the

130

conclusion of the visit were monitored until resolution of symptoms.

131

EMG Normalization

132

When looking at EMG values to compare the strength and duration of a muscle contraction, the

133

values need to be normalized. This is so EMG raw values can be converted to a format that allows them

134

to be compared between different individuals.26 Raw EMG values can be different for individuals with the

135

same strength due to the electrical signal being interrupted due to fat, skin depth, sweat or hair.27 When

136

each participant has a reference point, any later data with different signal strengths can be compared.

137

These reference points can be done with either a maximal voluntary isometric contraction (MVIC) or a

138

maximal dynamic contraction. Both of these two methods have strengths and weaknesses. According to

139

Chuang et al., dynamic activities, like a sprint run, are more successful at reaching a muscle’s maximum

140

potential. When trying to normalize EMG data against an individually set standard an intense dynamic

141

activity can generate the highest muscle activation.27 That being said, using dynamic standardizations

142

methods are still not perfect and are not as repeatable.while Chuang et al. found that MVICs have higher

143

reliability between visits, MVCs provided higher validity within a singular visit.

144

For our study, we used dynamic contractions and required a maximal dynamic contraction to

145

normalize for each visit. As mentioned above, maximal dynamic contractions are better at eliciting the

146

maximum potential of a muscle but are less reliable compared across different days. By having the

147

participant complete these at each visit we elicited their dynamic maximum while also having a reliable

148

normalization for that day.

149

Statistical Analysis

150

Two separate two-way (load [80% 1RM vs. 30% 1RM] × time [beginning vs. middle vs. end])

151

repeated measures analyses of variance (ANOVAs) were used to analyze EMG amplitude across the

152

conditions for the concentric and eccentric muscle actions. If the sphericity assumption was violated,

153

Greenhouse-Geisser corrections were applied. For both ANOVAs, Bonferroni-corrected pairwise

154

comparisons were used to further decompose significant interactions and main effects (collapsed across

6

155

other factors). The partial eta squared statistic (η2) was used as a measure of the effect size for each

156

repeated measures ANOVA, with values of 0.01, 0.06, and 0.14 representing small, medium, and large

157

effects, respectively.28 An alpha level of 0.05 was used to determine statistical significance for all

158

analyses.

159
160
161

RESULTS
Concentric EMG Amplitude
The results from the two-way repeated measures ANOVA indicated that there was no significant

162

load × time interaction (p = 0.423) and the effect size was medium (η2p = 0.060). There were, however,

163

large main effects for both load (p < 0.001; η2p = 0.831) and time (p < 0.001; η2p = 0.678). For load, when

164

collapsed across time, EMG amplitude for the 80% 1RM condition was significantly greater than that for

165

the 30% 1RM condition (p < .001; d = 2.142). For time, when collapsed across load, EMG amplitude was

166

greater at the middle (p < .001; d = 1.358) and end (p < .001; d = 1.929) compared to the beginning;

167

however, EMG amplitude did not significantly increase from the middle to the end (p = 0.106; d = 0.571).

168

Eccentric EMG Amplitude

169

The results from the two-way repeated measures ANOVA indicated that there was no significant

170

load × time interaction (p = 0.714) and the effect size was medium (η2p = 0.024). There were, however,

171

large main effects for both load (p < 0.001; η2p = 0.703) and time (p < 0.001; η2p = 0.446). For load, when

172

collapsed across time, EMG amplitude for the 80% 1RM condition was significantly greater than that for

173

the 30% 1RM condition (p < .001; d = 1.485). For time, when collapsed across load, EMG amplitude was

174

greater at the middle (p = .014; d = 0.796) and end (p < .001; d = 1.206) compared to the beginning;

175

however, EMG amplitude did not significantly increase from the middle to the end (p = 0.370; d = 0.410).

176

DISCUSSION

177

HLRT has been shown to produce greater gross EMG amplitude when compared to LLRT when

178

performed to muscular fatigue in various muscle groups.1-5, 9-11, 17-20 The present study tested the

179

hypothesis that EMG amplitude would increase across both high and low loads but would be greatest in

180

the high load, with greater activity during the concentric muscle actions compared to the eccentric muscle
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181

actions. The present study’s results suggest that EMG amplitude is significantly greater with bicep curls

182

at 80% 1RM than 30% 1RM at all timepoints, with concentric muscle action producing greater EMG

183

amplitude than eccentric muscle action. Additionally, the results indicate that when performing repetitions

184

to failure, EMG amplitude may increase significantly from the first repetition to the middle repetition, but

185

not from the middle repetition to the last repetition. As a result of our findings of significance, in addition

186

to the reported large effect sizes of these findings, the investigators of the present study are able to reject

187

the null hypothesis.

188

The concurrent observations that EMG amplitude is significantly greater under high loads

189

compared to low loads, and that EMG amplitude increased significantly in the first half, but not the back

190

half of the training session may be in part explained by the muscle wisdom hypothesis discussed by

191

Petrofsky and Phillips and Behm.16, 29, 30 This hypothesis suggests that during fatiguing muscle

192

contraction, motor unit firing rate may decrease in an effort to sustain force output and delay peripheral

193

conduction failure. Fisher et al. suggest that this may lead to decreased gross EMG amplitude and the

194

appearance of less motor unit activation under low loads. This is not to say that there are a different

195

number of motor units activating over the course of a set to failure, as Fisher et al. proposed that the

196

activation strategy may differ in that that high loads may elicit synchronous activation of the many motor

197

units while low loads may elicit series activation of the same motor units over time.30 Of note, Loenekke

198

et al. Buckner et al. have demonstrated that high repetition LLRT can recruit fast twitch muscle fibers.31,

199

32

200

may be warranted to better understand the similarities in motor unit recruitment between these loads.

Further investigation into the specific and individual motor unit activation patterns under varying loads

201

Current literature regarding muscular adaptations to varying loads displays somewhat consistent

202

findings. It is theorized that inducing enough physiologic stress will eventually lead to fatigue, and when

203

fatigue is reached, the body will need to adapt to the demands placed on it regarding both strength and

204

hypertrophy. This works in conjunction with the theory that fast twitch muscle fibers must be recruited to

205

reach maximal muscular hypertrophy, regardless of load, and a way of reaching this point is training to

206

volitional fatigue.6, 33, 34 This differs from conventional beliefs that HLRT must be utilized to reach
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207

muscular gains. The specific upper and lower levels of load needed to achieve adaptations are not yet

208

defined clearly, but it is evident that volume plays a role along with metabolic stress when training for

209

muscular adaptations.31 It is theorized that the amount of metabolic stress placed on the muscle plays a

210

significant role in forming muscular adaptations.17 This metabolic stress is induced by both the amount of

211

energy-storing molecules as well as the metabolism of these molecules. Availability of these energy-

212

storing molecules is often limited when the internal pressure created by a muscle is greater than the

213

arterial pressure supplying the muscle, causing acute hypoxia during a muscle contraction and thus

214

increasing metabolic stress and calling for increased efficiency of metabolic mechanisms within the

215

muscle to withstand the hypoxia35, 36 If this theory is to be followed, the prescription of exercise must

216

consider the loads at which acute hypoxia will likely occur. It is believed that at too low of a load, there

217

will be an inadequate amount of intramuscular pressure and as such there will be minimal metabolic stress

218

and decreased muscular gains, though the load necessary to create adequate intramuscular pressure is not

219

yet known.14, 37-40 Overall, low loads may be able to illicit similar gains in muscular strength and

220

hypertrophy due to stimulation of type II muscle fibers and metabolic stress, though the minimum load

221

necessary is yet to be determined.

222

Worthy of consideration may be the influence that sex differences may have had on the present

223

study. Male participants averaged eight reps for each set while female participants averaged forty reps per

224

set. Two of the eight female participants managed to complete 100+ reps during their first set, greatly

225

surpassing the max number of reps in the males which was only 27. This is in agreement with present

226

literature that shows significantly greater muscular fatigue resistance in females when compared to

227

males.41-43 The extent to which the differences between sexes exist in motor unit activation patterns has

228

yet to be extensively studied, though Avin et al. found no significant difference motor unit activity.43 An

229

additional point of interest was the fatigue following the study. The current study design had the

230

participants complete two days with three sets to failure each, and a concern of ours was that these

231

individuals may experience severe delayed onset muscle soreness (DOMS). This was one of the reasons

232

that we required all of our participants to have prior lifting experience to limit the DOMS and hopefully

9

233

increase participant retention. What we found was that very few individuals reported DOMS and those

234

that did, did not have it severe enough to cancel or postpone visits. Finally, something of note was the

235

1RMs of our participants with the average 1RM for women was 24 kilograms and the average for men

236

was 48.5 kilograms. One of the men in our study was an outlier for 1RM and was able to curl 58.9

237

kilograms with proper form and to the above stated cadence. Further analysis of this individual's data

238

compared to the rest of the participants might yield interesting results regarding how our findings may

239

look different against those in the extremes of elbow flexor strength.

240

Study Limitations

241

External validity of the present study was likely limited by the slowed tempo utilized, as

242

strengthening exercises are rarely performed at such a tempo. The slowed tempo did require coaching and

243

thorough familiarization at first visit as well as continued cueing during sets to failure to maintain the

244

proper form. This tempo was utilized as recording of EMG signals during dynamic contractions has been

245

shown to present with higher reliability during slowed muscle actions.23, 24 Investigators also noted that

246

participants required varying amounts of cueing to maintain exercise form and tempo, possibly

247

influencing performance and motor unit recruitment. Additionally, we did not compare findings between

248

male and female participants. Investigators observed that female participants typically completed a

249

greater number of repetitions at lower loads than male participants, though these findings were not

250

analyzed for the present study. Previous studies have reported greater muscular fatigue resistance in

251

female participants when compared to male participants, though this may be dependent on muscle

252

group.11,43 As the elbow flexors are a type-II fiber dominant muscles, findings at this muscle group in

253

future studies may present similarly to the current literature.

254

Conclusion

255

In summary, the results conclude that EMG amplitude showed significantly greater results with

256

the 80% one repetition maximum compared to the 30% one repetition maximum at all the time points.

257

The main significant increase noted with regards to EMG amplitude occurred from the beginning to the

258

middle repetition, but not the middle to end repetition. Although the repeated concentric and eccentric

10

259

muscle actions to fatigue at 30% of the one repetition maximum show an increase in EMG activity, the

260

results never reached the magnitude of the 80% one repetition maximum EMG activity at any other time

261

point. Based on these findings we believe higher load (80% 1RM compared to 30% 1RM) should be used

262

to elicit greater muscle activity when performing strengthening exercises. Given the important role of the

263

bicep brachii locomotion and strength, future work may be done with regards to comparing motor unit

264

recruitment patterns between high and low loads during dynamic muscle action. Secondly, other future

265

research directions include further investigating relationships between elbow flexors muscle thickness via

266

ultrasound measurement and EMG parameters. Lastly, as EMG parameters may vary between sexes, it

267

may be worthwhile to compare these parameters and sexes under varying loads.

268
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Figure 2: Placement of Delsys Trigno EMG sensors on the midbelly of the bilateral
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Figure 3: Barbell bicep curl form. Left: Starting and ending point of muscle action. Right:
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Midpoint of muscle action, change of muscle action from concentric to eccentric.
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Figure 4: EMG amplitude of the biceps brachii as a percentage of each participant’s respective
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EMG amplitude during a 1RM to failure at a 80%1RM eccentric muscle action, b 80%1RM
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concentric muscle action, c 30%1RM eccentric muscle action, d 30%1RM concentric muscle
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action.
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